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ABSTRACT 
The plant lectin, concanavalin A  (Con-A), and the ionophore, A-23187 (specific 
for  divalent  cations),  stimulated  glucose  transport  in  rat  thymocytes. Con-A 
stimulation developed more slowly and was somewhat less extensive than that of 
A-23187.  Both  responses  showed  saturation  dose  dependencies. The two  re- 
sponses were poorly additive, suggesting that A-23187 may saturate regulatory 
processes shared by the two stimulatory mechanisms. 
Doses  of methylisobutylxanthine (MIX)  and  prostaglandin  Ez  which  raised 
adenosine 3' :5'-monophosphate (cAMP) levels in these cells also antagonized the 
Con-A stimulation of glucose transport but did not inhibit basal glucose transport 
or the A-23187 stimulation. Dibutyryl-cAMP and 8-bromo-cAMP also antago- 
nized Con-A stimulation without inhibiting basal glucose transport. MIX antago- 
nized high Con-A doses about as strongly as it did low Con-A doses, suggesting 
that MIX did not compete in the Con-A binding step or other process saturable by 
Con-A. [3H]Con-A binding was not affected by MIX. 
The stimulatory effects of Con-A and A-23187 were reduced by reduction of 
Ca  ++  in  the  medium.  Both  Con-A  and  A-23187  enhanced 45Ca§  influx and 
cellular  Ca  §  content.  The  A-23187  dose,  which  was  saturating  for  glucose 
transport stimulation, enhanced Ca  ++ influx and cellular Ca  ++ content more than 
did the Con-A dose which was saturating for glucose transport stimulation. The 
dose of MIX which specifically antagonized Con-A stimulation of glucose trans- 
port proved also to reduce Ca  ++ influx and cellular Ca  ++ in the presence of Con-A 
but not in the presence of A-23187. Thus, glucose transport correlates rather well 
with cellular Ca  ++ . 
These results are compatible with the view that Ca  ++ in a cellular compartment 
can promote glucose transport, that Con-A's enhancement of Ca  ++ entry contrib- 
utes  to its  stimulation of glucose transport,  and  that  MIX  antagonizes Con-A 
action at least partly by reducing Ca  ++  entry. The action of MIX is apparently 
mediated by cAMP. 
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magglutinins is of considerable interest as a model 
for  the  proliferative  events  in  the  immune  re- 
sponse  (2).  The  earliest effects of such mitogens 
include enhancement of Ca  ++ influx (5, 24) and of 
glucose  transport  (12).  Lymphocytes  from  the 
mouse spleen become committed to mitosis during 
the  1st day of exposure  to concanavalin A  (Con- 
A), and  DNA  synthesis rises during the 2nd day 
(7). The commitment appears to involve microtu- 
bules (19).  The proliferative response  of rat thy- 
mocytes  can  be  seen  within  an  hour  of  ConoA 
exposure  (23).  The  enhanced  Ca  ++  influx  has 
been  implicated  as  mediator  of the  proliferative 
response  by the fact that lymphocytic mitosis can 
be induced by elevation of medium Ca ++ concen- 
tration (23) and by addition of A-23187, an iono- 
phore for divalent cations (10).  Adenosine 3':5'- 
monophosphate  (cAMP) appears to be an antago- 
nist  of proliferation  in many cell types including 
the lymphocyte  (2,  8,  16,  25)  and  to antagonize 
Con-A's  stimulation  of glucose  transport  in  this 
cell (21).  Our  work  explores the  relationship  of 
cAMP  and  Ca  ++  flux  to  Con-A  stimulation  of 
glucose transport. 
MATERIALS  AND  METHODS 
Preparation of Cells 
Male  Sprague-Dawley  rats,  weighing  about  200  g, 
were  obtained  from  Harian  Industries  (Indianapolis, 
Ind.) and fed Purina Lab Chow (Ralston Purina Co., St. 
Louis, Me.). The rats were killed by decapitation, their 
thymus glands removed and placed in 20 ml of 0.9% 
saline at room temperature. The saline was then poured 
off and replaced by 2 mi of incubation buffer (buffered 
balanced salt solution [BBSS] described below) in which 
the glands were minced. The mince was transferred to a 
loose-fitting Dounce  homogenizer (Kontes  Co.,  Vine- 
land, N. J.) with 20 ml of buffer in which the fragments 
were crushed. The resulting cell suspension  was filtered 
through nylon net and layered on 5 ml of BBSS contain- 
ing 7% Ficoll (Pharmacia, Uppsala, Sweden) in a 50-ml 
conical centrifuge tube. This was centrifuged for 45 s in a 
size 2 International centrifuge (International Equipment 
Co.,  Needham  Heights,  Mass.)  set on full speed  (ap- 
proaching 7,000 g). The supernatant fluid was removed 
and the pellet resuspended in 5 ml of BBSS and trans- 
ferred to a  100-ml  beaker with 0.1  /~Ci L-[U-l'C]iso  - 
leucine (2.5 mCi/mg). The above-mentioned steps were 
all taken at room temperature. After 10 min of incuba- 
tion with shaking at 37~  the cell suspension was layered 
again on 7%  Ficoll and centrifuged. Superuatant  fluid 
was  removed and  cells  were resuspended  in  BBSS at 
4--6% packed cell volume (PCV). A 0.5-ml portion was 
centrifuged for 30 rain at 7,000 g in a Hopkins vaccine 
tube  (Kimble  Products  Div.,  Owens-Illinois,  Toledo, 
Ohio)  for  PCV  determination,  and  a  100-/zl  portion 
was  assayed  for cell 14C by the  procedures of Fig.  1. 
Since cell 14C was reasonably stable  (Fig. 2 and Table 
I), the 14C measured in subsequent cell samples enabled 
us to detect sampling  errors or cell injury. The relation 
between cell volume and cell count was  determined in 
several experiments and found to be about 5 x 10  g cells 
per ml of packed cells. 
Buffered  Balanced Salt 
Solution  (BBSS) 
BBSS was prepared from isotonic salt solutions  (0.31 
osmol/liter) in  the  proportions:  114  NaCl,  5  KCI,  2 
CaC12, 1 MgSO4, 2 NaPO4 (pH 7.3), 4 Na-HEPES (N- 
2-hydroxy-ethylpiperazine-N'-2-ethane  sulfonic  acid) 
(pH 7.3). Na-/~-hydroxybutyrate  (1 mM) and Na-lactate 
(5 mM) were added with the aim of minimizing energy 
deprivation  during  incubations  without  the  preferred 
fuel, glucose. Bovine serum albumin (0.2%) was added, 
and the pH of the final  solution checked at 37~  (pH 
7.2-7.3). The reported effects of Con-A and methyliso- 
butylxanthine (MIX) on glucose transport were not oblit- 
erated by reductions or increases  in the inorganic ions, 
HEPES, fuels, albumin, nor by alteration of pH between 
7.1  and 7.4. 
Agents  Used 
The  carboxylic  ionophorous  antibiotic,  A-23187,  a 
gift of Dr. Roger Hamill at Eli Lilly and Co. (Indianapo- 
lis,  Ind.)  was  used from stock solutions of 0.1  mg/ml 
prepared  in  95%  ethanol  or  30%  dimethylsulfoxide. 
Neither dimethylsuifoxide  nor ethanol had an effect on 
basal transport at the final concentrations realized, which 
were under 3%. 
MIX, obtained from G. D. Searle and Co. (Arlington 
Heights, Ill.), Con-A, grade V, and oemethylmannoside, 
both  obtained  from  Sigma  Chemical  Co.  (St.  Louis, 
Me.) and prostaglandin  E2 (PGE2), a gift of Dr. John 
Pike, at Upjohn Co. (Kalamazoo, Mich.) were all used 
from freshly prepared aqueous solutions. 
Radiochemicals, L-[U-~4C]isoleucine, D-3-O-[methyl- 
3H]methylglucose  (methylglucose) and Jail]Con-A, were 
obtained from New England Nuclear (Boston, Mass.). 
Unlabeled methylglucose was prepared as described by 
Crane et al. (3). L-[4,5-aH]isoleucine  (18 Ci/mmol) was 
obtained  from  Amersham/Searle  Corp.  (Arlington 
Heights,  Ill.)  and  4sCa (13  Ci/g)  from  New  England 
Nuclear. 
Assay of Transport Activity 
Aliquots of the cell suspension  (200  p.1 each) were 
distributed among small counting vials (1.4 x  5-cm inner 
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the agents, the effects of which were to be tested. These 
were incubated with shaking in a water bath at 37~  At 
the  time  of  the  transport  test,  20  /zl  of  15  mM 
[aH]methylglucose (10/~Ci//xmol) was added. After 0.6 
min (or other times where indicated), a  0.2-ml sample 
was transferred quickly into 3 ml of ice cold 0.9% NaC1- 
2 mM CaCI~ layered over 9 ml of ice cold 10% sucrose- 
0.2%  NaCI-2 mM CaClz  in a  12-ml conical centrifuge 
tube (imbedded in ice almost to the lip)? These tubes 
were then centrifuged for 5 min at 5,000g in an Interna- 
tional PR-2  centrifuge  (international Equipment  Co.) 
refrigerated at 2~  upper 5 ml was aspirated and the 
upper walls rinsed for about 7 s (from the lip down to the 
aspiration level); then the next  1.5  cm of supernatant 
fluid  was  aspirated  and  the  upper  walls  were  again 
rinsed; then another  1.5  cm of supematant fluid was 
removed and the walls above this level were rinsed. The 
rinse solution was saline containing 0.005%  Triton X- 
100 (Rohm & Haas Co., Philadelphia, Pa.). A diagram 
of the apparatus is given in Fig. 1. The remaining 4 cm of 
supernatant fluid was then aspirated, and the pellet was 
transferred in 1 ml of water through a tube to a counting 
vial.  ~  i0  ml  of  liquid  scintillation counting fluid  was 
added through this route to rinse in the sample. This was 
counted in a Packard Tri-Carb liquid scintillation spec- 
trophotometer (Packard Instrument Co., Inc., Downers 
Grove,  Ill.)  set  for  aH  and  ~4C  determinations.  The 
counting fluid was a 2:1 (vol:vol) mixture of toluene and 
Triton X-100 containing 0.5% 2,3-diphenyloxazole and 
0.01%  dimethyl-  1,4-bis  [2-(5-phenyloxazolyl)]benzene. 
After removal from the incubation vial of the 200-/zl 
sample for determination of cell radioactivity, a  20-/xl 
sample was also transferred directly to a counting vial for 
determination of the total aH (cellular plus extracellular) 
per  milliliter of  incubating cell  suspension.  This  was 
divided into the cellular SH (per milliliter cell suspen- 
sion), yielding the fraction of [aH]methylglucose which 
was,inside  cells (MeGI~/MeGi%t)-an expression which 
is  normalized  with  respect  to  variations  in  added 
[aH]methylglucose. This expression was divided by PCV 
in the  incubation vial. This procedure  normalized the 
data with respect to day-to-day variations in PCV. Since 
more  than 95%  of the volume was  extracellular,  this 
1 The CaC12 was originally added in 45Ca-uptake  experi- 
ments in the hope of reducing the amount of quickly 
exchangeable 45Ca associated with the cells.  The CaCI2 
appeared to protect the cells, and we continued to add it 
routinely. Before the studies reported here, we success- 
fully used 7% bovine serum albumin in 0.9% NaCI as a 
lower layer. This became too expensive. 
z This system achieves thorough removal of extracellular 
radioactivity from cellular radioactivity. Studies of the 
temperature  dependence  of  transport  indicated  that 
cooling stopped transport effectively and that addition of 
phloretin to these gradients was not necessary. 
expression is essentially the same as distribution space 
(milliliters of medium containing the amount in a milli- 
liter of cells), and its initial rate of rise is essentially the 
same as the influx coefficient (milliliters of medium con- 
raining the amount fluxing into a  milliliter of cells per 
minute).  In  most  experiments,  methylglucose  uptake 
after treatment with various agents was divided by that in 
controls to show directly the fold effect of the agent. 
cAMP Determinations 
From incubation vials containing 0.55 ml of cell sus- 
pensions, 0.3-ml samples were transferred to tubes con- 
taining 0.5 ml of 0.6 M perchloric acid and 8,000 cpm 
[G-3H]cAMP  (24  Ci/mmol,  Amersham/Searle Corp.) 
and mixed immediately. The  extract was placed on a 
cation exchange column (0.7 x  10 cm, Bio-Rad AG50- 
X8 (Bio-Rad Laboratories, Richmond, Calif.), 100-200 
mesh, equilibrated with 0.1 N HCI) and eluted with 0.1 
N  HCI.  The  cAMP-containing eluent (13th-37th  ml) 
was lyophilized and the residue was dissolved in 0.5 ml of 
50  mM  Na-acetate,  pH  4.5.  A  100-/xl  portion  was 
counted  for  determination  of  recovery,  and  portions 
were subjected to cAMP assay by the Gilman method 
(6), The material assaying as cAMP was more than 90% 
susceptible to destruction by cyclic nucleotide phospho- 
diesterase. 
Calcium Flux 
The uptake of 4~Ca++ was measured essentially as was 
that  of methylglucose,  except  that  [aH]isoleucine  was 
used  as  a  cell  marker  instead  of  [14C]isoleucine,  and 
samples were taken at times other than 0.6 min. 
RESULTS 
Adequacy of Procedures 
Fig.  2  shows  the  accumulation  of  ~4C  in  cells 
during  a  10-min exposure  to  [14C]isoleucine  and 
the maintenance of cell 14C during a  30-rain incu- 
bation after removal of extracellular 14C. The frac- 
tion of ~4C taken up was several times the  PCV 
(fraction of volume occupied by cells). By the 10th 
min  of  exposure,  most  of the  cellular  label  was 
incorporated into acid-precipitable material,  pre- 
sumably macromolecules. Most of the acid-precip- 
itable  and  acid-soluble  radioactivity  remained  in 
the cells during subsequent incubation without ex- 
ternal 14C-amino acid, except perhaps when cyclo- 
heximide was added. 
In  other experiments,  cell  ~4C  appeared  to  be 
perfectly stable for more than an hour in control 
cells and cells incubated with 30/~g/ml Con-A or 
0.1 mM MIX. Table I confirms the failure of Con- 
A  and MIX to affect ~4C retention. The ionophore 
at 1.4/zM reduced cell ~4C by about 7%. We don't 
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Labeling  of cells with  114C]isoleucine.  Cells were incubated  with [~4C]Ile,  washed in Ficoll, 
resuspended and incubated as described in Materials and Methods.  Con-A (20  v.g/ml), A-23187  (0.93 
/zM), and cycloheximide (8 /zg/ml) were present during the second incubation where indicated. Samples 
were then centrifuged through sucrose gradients, and extracellular fluid was removed in the usual way. Cell 
pellets were brought up in 0.5 ml of water, and 1 ml of 0.6 M perchloric acid was added. A  portion of 
supernate was neutralized with K2COs and 1 ml of neutral extract was counted. After removal of residual 
acid supernate, the pellet was taken up in 1 ml of 0.2 M NFI4OH and transferred to a counting vial. 
know whether this represents destruction of 7% of 
the cells or 7% leakage from all cells. We assumed 
the former and used correspondingly  lower PCVs 
in  the  uptake  calculations.  If  this  assumption  is 
wrong,  then  we  have  overestimated  rates  in  the 
presence  of 1.4  p.M A-23187  by about  8%. 
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Effects  of  Various  Agents  on  Retention  of 
[14C]lsoleucine Label by Thymocytes Incubated for 
1 h without External [14C]Isoleucine 
Agent  14C in Cells, exptl/control 
Con-A, 30/zg/ml  0.99 -~ 0.01 (20)* 
A-23187, 0.75/xM  0.96 -+ 0.03 (10) 
A-23187, 1.4/.tM  0.93  ___ 0.02 (8) 
MIX, 0.1 mM  1.00 -  0.02 (17) 
* Ratios are given +__ standard errors with numbers  of 
observations in parentheses. 
The time-course of methylglucose uptake (Fig. 
3) justifies some of our routine procedures. It is 
seen that methylglucose accumulated steadily dur- 
ing the first 2 min. Accumulation was nearly linear 
before  1  min;  and  0.6-min  samples  should, 
therefore,  faithfully  reflect  initial  accumulation 
rates. Extrapolation indicates nearly zero cellular 
methylglucose at 0 rain, which attests to the effec- 
tiveness of the gradient system (Fig. 1) in remov- 
ing extraceUular radioactivity from the cells. Inad- 
equate washing would result in a positive y  inter- 
cept. 
The  initial slope  of  the  control  line  is  about 
0.085/rain  (i.e.,  0.085  ml  of  the  system  was 
cleared by entry/min per ml cell volume, which is 
approximately the same as 0.085  /zmol entering/ 
min per ml cells per mM concentration). There is 
considerable day-to-day variation in  uptake  but 
little variation among triplicates on a given day. 10 
substrate dependency studies (each with 0.1,3, 9, 
and 15 mM extracellular methylglucose) indicated 
a Vma= of 0.64/zmol/min per ml cell volume and a 
Km of 7.7  mM.  Accordingly, a  typical rate with 
0.2  mM  concentration  would  be  (0.64  /xmol/ 
rain. ml). 0.2 raM/(0.2 mM +  7.7 mM) =  0.0162 
/zmol/min. ml. The entry rate divided by concen- 
tration would be 0.081  #Lmol/min per ml cells per 
mM concentration. Thus, the control data of Fig. 
3  (initial  slope  of  0.085/min)  are  typical. The 
uptake rates of Figs. 9  and  11  were slower than 
this,  but  were  consistent  within  each  series  of 
experiments. 
Dose-Response Relations 
The dependence of methylglucose permeability 
on  Con-A concentration (Fig. 4)  appears to  be 
one of uncomplicated saturation. For most of our 
work,  we  have  chosen to use  20-30  /xg/ml, the 
lowest doses which are nearly maximally effective. 
80-100-/zg/ml doses usually produced agglutina- 
tion, without further effect on glucose transport, 
as judged from the extended plateau. The above- 
mentioned features of the dose dependency were 
reproducible, though considerable day-to-day var- 
iation in the degree of response was experienced 
(cf., for example, Figs. 6, 7, etc.). An experiment 
to determine  the  maximal response  to A-23187 
and the doses required for near maximal response 
is shown  in  Fig.  5.  The  threefold stimulation is 
typical of this agent (cf. Figs. 6,  7,  etc.), and  a 
dose of 1.4  ~zM was nearly maximal. This dose 
was  used  for  several studies in  which  A-23187 
dose was not a variable. In other studies in which 
A-23187  doses below 1.4  /zM were used, it ap- 
peared that 0.6/xM was maximally effective (Figs. 
7  and  11)  and  that  doses  below  0.2  /zM  were 
ineffective (Fig. i I). 
Time-Courses 
As seen in Fig. 6, stimulation by A-23187 was 
nearly  complete  by  20  min  of  exposure,  after 
which little further stimulation occurred.  Con-A 
stimulation was typically slower in onset, as seen 
in this experiment and Figs. 10 and 12. In further 
studies in which time was not a variable, 1-h expo- 
sure was used, a  time when A-23187 action was 
complete but Con-A action may not have been. 
Additivity of Stimulation 
In the experiment of Fig. 7, methylglucose entry 
was about doubled by 1 h exposure to Con-A and 
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FIGURE 3  Time-course  of  methylgiucose  uptake. 
Where indicated,  the cells were exposed to Con-A (30 
/.tg/ml) for  1  h  before  addition  of  0.2  mM  [3H]- 
methylglucose (MeGlc). Controls were also incubated  1 
h before [3H]methylglucose addition. Two separate ex- 
periments are shown, one represented by circles (￿9  O), 
the other by triangles (A, A). 
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Dependence of methylglucose transport on Con-A concentration. In duplicate incubations,  FIGURE 4 
cells were exposed to  Con-A for  1 h before transport tests. As shown on the  ordinate, the 0.6-min 
[3H]methylglucose uptake in each vial was divided by the mean [aH]methylglucose  uptake in triplicate 
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FIGURE 5  Dependence of methylgiucose transport on 
A-23187 concentration. Cells were exposed to the agent 
for 1 h before transport tests. Data are expressed as in 
Fig. 2. A-23187 was dissolved in 30% dimethylsulfox- 
ide, giving final concentrations less than 3%, a concen- 
tration which did not affect transport in the absence of 
A-23187. Similar results were obtained with A-23187 
dissolved in 95% ethanol (final concentration <  3%). 
This solvent was, by itself, also without effect on glucose 
transport. The controls showed a mean 0.6-min (Me- 
Glqn/MeGlctot)/PCV  of 0.050. 
was  nearly tripled by A-23187  doses  as  low as 
0.56 p.M. The two agents together were not per- 
ceptibly more  stimulatory than  A-23187  alone. 
The simplest interpretation of nonadditivity  is that 
the stronger stimulus nearly saturated a response 
mechanism common to the two stimuli. Less parsi- 
monious would be the view that one agent inter- 
fered with the other by a mechanism unrelated to 
its action as a transport stimulus. The experiment 
rules out completely independent actions of the 
two agents along with certain relations that would 
lead to synergism. 
cAMP-Related Agents 
We  have  observed  that  several  agents which 
raise cAMP also antagonize Con-A stimulation of 
sugar permeability. Fig. 8 a  shows that MIX con- 
centrations between 30 and 200/zM markedly re- 
duce Con-A stimulation without affecting basal or 
A-23187-stimulated transport. The peculiar sen- 
sitivity of Con-A-stimulated  transport is not due to 
enhancement of MIX's action to raise cAMP, as 
shown in Fig.  8b.  It appears,  then, that cAMP 
may antagonize the stimulatory action of Con-A 
but does  not  interfere with  the  function of the 
glucose carder (confirmed also in Figs. 9 and 10). 
If, as suggested above (and below), the stimula- 
tory sequences of Con-A and A-23187 converge 
to a  common final mechanism, the  step antago- 
nized  by  MIX  (or  cAMP)  is  likely before  the 
convergence. 
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FmURE 6  Time-course of A-23187  (Q)  and  Con-A  (B)  stimulation.  Two separate  experiments  are 
shown, 1.4 ~M A-23187 and its cGntrol (0 and ￿9  and 20 ~g/ml Con-A and its control (B and O). They 
are plotted together for comparison. Single vials were assayed for [3H]methylglucose  uptake at the times 
indicated. Uptake in each vial was divided by that in the earliest control. Note that Fig. 10 confirms the 
distinction  between time-courses of A-23187 and Con-A stimulation. The first control for the A-23187 
time-course showed a 0.6-min (MeGlqn/MeGlc~t)/PeV of 0.040. The first control for the Con-A time- 
course was 0.045. 
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FIGURE 7  Test for additivity of Con-A and  A-23187. 
The agents  were added at the concentrations indicated 
below the bars.  Data are expressed as in Fig. 2. Number 
of vials and standard errors are shown at the top of each 
bar.  The  controls showed  a  mean  0.6-min  (MeGlqJ 
MeGlqot)/PCV of 0.042. 
To affirm that the phosphodiesterase  inhibitor, 
MIX,  antagonized  Con-A stimulation  by  raising 
cAMP, we also studied the effects of PGE2 which 
raises cAMP by stimulating adenylate cyclase (1). 
Concentrations in the range of 10-~-10 -5 M  PGE2 
reduced  Con-A stimulation  by  30-40%  without 
affecting  basal  methylglucose  permeability.  This 
range also increased cAMP from control values of 
1.9 -+ 0.2 nmol/ml cell volume up to 5.3 nmol/ml 
cell volume. Dibutyryl-cAMP at 0.4, 0.7, and 1.0 
mM  reduced  Con-A stimulation  by  30,  50,  and 
60%, respectively, but did not inhibit basal meth- 
ylglucose transport.  This appeared  not to be due 
to  butyrate  released  from  the  nucleotide,  since 
butyrate  at  these  concentrations  was  equally 
(though  mildly)  inhibitory  to  basal  and  Con-A- 
stimulated  transport.  The  effects  of  8-bromo- 
cAMP were indistinguishable from those of dibu- 
tyryl-cAMP, while 8-bromo-AMP failed to antag- 
onize Con-A stimulation. It is reasonable, then, to 
suppose  that the MIX-induced rise in cAMP con- 
tributes  to  MIX's antagonism  of Con-A stimula- 
tion. 
Fig. 9  shows that MIX antagonized stimulation 
caused by a very high Con-A dose as effectively as 
it  did  the  stimulation  by  a  subsaturating  Con-A 
dose,  a  result which we have confirmed in other 
experiments of similar design. Thus, MIX antago- 
nism seems noncompetitive. 
The time-courses of Con-A and A-23187 stimu- 
lation  in  the  presence  of MIX  illustrate  certain 
points (Fig. 10).  In this experiment, MIX exerted 
a  strong and  durable block to Con-A stimulation 
which was more  obvious late  than  early.  On the 
other  hand,  A-23187  stimulation  was  little  af- 
fected by MIX at any time. Were MIX capable of 
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FmURE  8  (a) MIX antagonism of Con-A stimulation and A-23187 stimulation. All agents were present 
for 1 h before transport test. Transport activity stimulated by 1.4/.~M A-23187 (O) was determined in the 
absence of MIX and in the presence of various concentrations of MIX. The same procedure was followed 
with 20/zg,/ml  Con-A (&). Unstimulated cells were also exposed to MIX (O, A). Controls for the Con-A 
experiment (without Con-A, without MIX) showed a mean 0.6-min (MeGlcin/MeGlctot)/PCV  of 0.046. 
Controls  for  the  ionophore  experiment (without  A-23187,  without  MIX)  showed a  mean  0.6-min 
(MeGlctn/MeGlctot)/PCV  of 0.043.  (b) Effect of MIX on cAMP levels in absence (A) and presence of 
Con-A (&). Samples for cAMP determination were taken at 10 rain from the untreated and Con-A-treated 
incubations whose transport activity at 1 h is graphed in a. The control point ([MIX] = 0, without Con-A) 
shows the mean and standard error of six determinations, 1.9 -+ 0.2 nmol/ml cells. This is equivalent to 38 
pmol/108 cells, which is about 60% higher than reported elsewhere (23). 
antagonizing any step in the A-23187 stimulatory 
sequence, it might have reduced the early, weak 
stimulus (at 10 rain) even ff not the late, stronger 
stimulus. 
Fig. 11 shows A-23187 dose dependences in the 
absence and presence of MIX. It is seen that MIX 
failed to antagonize the stimulatory effect of A- 
23187 at any dose and enhanced the effect of the 
"half-maximal" dose. This rules out the suspicion 
that the distinction between Con-A and A-23187, 
with respect to MIX antagonism (Figs. 8 and 10), 
was simply due to the greater strength of the A- 
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ity to antagonism by MIX defines a step in Con-A 
stimulation not shared by A-23187 stimulation. 
Reversibility of Stimulation 
When  Con-A binding to cells was interrupted 
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FIGURE  9  Antagonism by 0.1 mM MIX of stimulation 
by subsaturating and  high saturating doses of Con-A. 
Data are expressed as the fraction of methylglucose in 
cells at 0,6  rain divided by the fraction of the system 
which was  cell volume  (PCV).  Cells were  exposed to 
agents 1 h before transport tests. The number of experi- 
ments and standard error are shown at the top of each 
bar. 
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Effect of 0.1  mM MIX on methylglucose 
transport in presence  of various  concentrations of  A- 
23187. Means and standard errors of four experiments 
are shown. Cells were exposed to agents for 1 h before 
transport tests.  The  stimulatory effect  of  MIX  in the 
presence of 0.36  /~M A-23187  was significant by pair 
analysis (P =  0.01). Symbols are: A-23187 alone (O), 
and A-23187 plus 0.1 mM MIX (e). 
lation  declined  (Fig.  12).  Extrapolating  slightly 
beyond the data, it appears that t~-methylmanno- 
side was about as effective when added at 55 min 
as when added at 30 or 15 min. This experiment, 
then, provides no evidence for a  commitment to 
rapid  transport within the  1st h  that can endure 
after Con-A removal. 
Fig.  13  shows  that  MIX  can  at  least partially 
reverse  an  established  Con-A  stimulation.  The 
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FIGURE 10  Time-course of transport elevation by 1.4 tzM A-23187 ([3, II) and 20 #.g/ml Con-A (A, A) 
after addition of the agents alone (open symbols) and simultaneous addition with 0.1  mM MIX (closed 
symbols). MIX alone (O) did not affect transport at any time, nor did controls (O) change with time. The 
first control showed a 0.6-rain (MeGiq,/MeGlctot)/PCV of 0.036. 
464  THE  JOURNAL OF  CELL BIOLOGY" VOLUME 72,  1977 i 
2.5  Con -A  I~  k 
x  2.0 
lO 
ill 
>"  1.5  ..i~__ _  ~  -  ~"  -....  ~0 
u  ~'--- Cent rol 
1.0 
I  I  I  I  I  1 
0  20  40  60  80  I00 
TIME, rain 
FIGURE 12  Effect  of ot-methylmannoside  (a-MM)  added at various times to Con-A-stimulated cells. 
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(m), Con-A (1), Con-A +  a-MM ((3). a-MM did not affect unstimulated transport. The first control 
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FIGtrXI~ 13  Effect  of MIX added at various times to Con-A-treated cells. Symbols are: control (O), 20 
/~g/ml Con-A alone (1), and Con-A + 0.1 mM MIX (@). Dashed lines diverge from the solid line at the 
times of MIX addition. The first control showed a 0.6-min (MeGlc~/MeGlctot)/PCV  of 0.045. 
antagonistic effects of MIX added at 45  and 70 
min did not progress between 75  and  100  min. 
These  antagonistic effects,  therefore,  appeared 
complete within the period of observation and to 
be weaker than that of MIX added at the begin- 
ning of the incubation.  The data suggest a growing 
recalcitrance to antagonism by MIX. 
Ca++ Influx 
We have reported that omission of Ca  ++ from 
the  medium  together  with  addition  of  EDTA 
(equivalent to one-fourth the Mg  ++) reduces the 
transport response to Con-A markedly (22). The 
DNA-synthetic response is likewise dependent on 
extracellular Ca  ++ and is mimicked by high extra- 
cellular Ca  ++ (23). This together with the fact that 
A-23187 can mimic Con-A (10, 22) certainly sug- 
gests  that  Con-A's enhancement of Ca  ++  influx 
(24) contributes to the enhancements of glucose 
transport  and  mitosis.  The  data  of Fig.  14  are 
compatible with this view. It is seen that A-23187 
(at  a  concentration which saturates the glucose- 
transport response) increases Ca  ++ influx and cel- 
lular content by at least fourfold, whereas Con-A 
increases these values less than twofold. This rela- 
tion correlates with the relative strengths of these 
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FIGURE 14  Uptake of 45Ca++ into thymocytes treated with 1.4/.tM A-23187, 20/~g/ml Con-A, and O.1 
mM MIX. The ordinate is fraction of 45Ca++ in cells divided by the fraction of the system which was cell 
volume. 
agents as glucose-transport stimulants. Moreover, 
MIX reduced Ca  ++ influx in the presence of Con- 
A but not in the presence of A-23187. This corre- 
lates with the  susceptibility of Con-A-stimulated 
glucose transport to MIX antagonism and the non- 
susceptibility  of  A-23187-stimulated  glucose 
transport.  MIX  actually enhanced  the  A-23187 
stimulation of Ca ++ influx. On the assumption that 
Ca ++ influx mediates the A-23187 stimulation of 
glucose transport, this effect of MIX would not be 
expected to enhance glucose transport stimulation 
by A-23187  doses which are near saturation for 
glucose  transport  but  may  account  for  the  en- 
hancement by MIX of glucose transport with half- 
saturating A-23187 (Fig. 11). 
Con-A Binding 
Fig. 15 shows that, with Con-A added at 30/~g/ 
ml, normal cells absorbed and/or took up about 
500 p.g Con-A/ml of cells, reaching an equilibrium 
or steady state by 20  min. This was about one- 
third of the added Con-A (PCV being 2%), and a 
corresponding loss of one-third of the [aH]Con-A 
from the medium was observed. Neither A-23187 
nor MIX influenced Con-A binding, whereas a- 
methylmannoside  (a-MM)  reduced  it  by  80%. 
These  results  indicate  that  MIX  antagonism  of 
Con-A stimulation is exerted at some step subse- 
quent  to Con-A binding. They also indicate that 
the inability of Con-A to stimulate glucose trans- 
port beyond that achieved by A-23187 (nonaddi- 
tivity) was not due to lack of Con-A binding and 
was more likely due to saturation of the stimula- 
tory mechanism by A-23187. 
DISCUSSION 
Associations of g~ucose-transport activity and glu- 
cose metabolism with anabolic activity (synthesis 
of protein, RNA, DNA, and growth and/or prolif- 
eration) are seen in such diverse systems as cardiac 
and  skeletal muscle  responding  to  insulin  (13), 
uterine muscle responding to estrogen (15),  cul- 
tured fibroblasts responding to optimization of pH 
(14), addition of serum (9) and viral transforma- 
tion (18), and thymocytes responding to glucocor- 
ticoids (11). The glucose-transport response con- 
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Fmu~  15  Con-A binding in presence of other agents. 
Binding of [sH]Con-A was studied as a function of time 
without and with the following agents: 20 mM ot-MM, 
0.1  mM MIX, and 0.9 ~M A-23187. Incubation vials 
were  prepared  with 100  tzl  of BBSS containing the 
above agents in amounts to achieve the indicated final 
concentrations (after addition of components described 
below). The nonpermeant, p4C]mannitoi (final concen- 
tration  10 mM, 0.l  ~Ci/ml) was present as an extra- 
cellular marker.  The  prepared  vials in a  37~  water 
bath received 200 /zl of cell suspension in BBSS (final 
PCV about 2%). Binding was initiated by addition of 
50 ~1 of BBSS containing [zH]Con-A (0.6 izCi//zg, final 
concentration 0.25/2Ci/ml) and unlabeled Con-A (final 
concentration 30 t~g/ml).  At the indicated times, 300-/zl 
samples were centrifuged for 3 rain in 0.4-ml polyethyl- 
ene  centrifuge tubes  in  the  quick-starting Beckman 
Microfuge (Beckman Instruments,  Inc.  Spinco Div., 
Palo Alto,  Calif.). A  50-/xl sample of supernate  was 
counted (14C and SH) in 4 ml of counting fluid with 0.4 
ml of saline. Residual supernate was aspirated. Saline 
was carefully added to fill the tube above the cells and 
aspirated,  and  this rinsing  procedure  was  repeated. 
Cells were then suspended in 0.2 ml of saline in which 
they were transferred to a counting vial. A second 0.2 
ml was used to rinse residual cells from centrifuge tube 
to counting vial, to which 4 ml of counting fluid was 
added in preparation for aH and "C counting. Bound 
aH was taken to be total pellet ~H minus that aH as- 
sociated with extracellular fluid contaminating the pellet. 
The  latter  was  calculated  as  [aHm~lum]'l~C~net/ 
[J4C~aL,  n]. This was a minor correction, owing to the 
avidity of Con-A binding. Bound  aH was divided by 
pellet  volume (PCV.0.3  ml)  and by  specific activity 
(counts per minute per microgram) to give microgram 
bound  per  milliliter cell volume, Each  point in each 
time-course was taken from a separate incubation vial, 
and the whole experiment was carried out twice (sepa- 
rate days, means shown) with concurring results. There 
is, therefore, considerable redundancy in the evidence 
against  reduction  of  Con-A  binding  by  MIX  and 
A-23187. 
tributes to the anabolic response in the thymocyte 
(11)  and cultured fibroblast as judged from the 
glucose dependency of growth (17) and the fact 
that transport limits cellular glucose concentration 
(18). It is attractive to suspect mechanistic analo- 
gies among these associations. The present studies 
were undertaken in hopes of disclosing some fea- 
tures of the regulatory signals leading from Con-A 
binding to enhanced glucose transport. 
Full development of the  glucose-transport re- 
sponse to Con-A takes at least 1 h, while the DNA- 
synthetic response in thymocytes is complete by 1 
h. This system differs from other systems such as 
the  fibroblast responding to  anabolic stimuli (9, 
14,  18),  where  the  glucose-transport  response 
precedes the DNA synthetic response by several 
hours. 
The dependences of glucose transport on Con-A 
and A-23187  doses  differ from  those  of  DNA 
synthesis. Both agents produce optimal stimula- 
tion of DNA synthesis at doses which stimulate 
glucose transport submaximally. At higher doses, 
DNA stimulation is suppressed (10, 20, 23) while 
glucose transport is further stimulated (Figs. 4 and 
5).  This  suggests  that  the  glucose-transport  re- 
sponse is not a  direct consequence of the  DNA 
response.  It  is  reasonable  to  suppose  that  the 
mechanism of transport stimulation is the same at 
high as at low doses of stimulants and that DNA 
synthesis is more fastidious with respect to ionic 
environment, energy charge, or other features of 
overstimulation. 
Evidence that  Con-A and A-23187  stimulate 
DNA  synthesis and mitosis by promoting Ca  ++ 
influx has been summarized in the introduction (5, 
10,  23,  24).  The present data  are  explicable in 
terms  of a  similar role  of Ca  ++  in the  glucose- 
transport responses to the two agents. The glucose- 
transport response to each agent is dependent on 
Ca  ++ in the medium (data not shown). Saturating 
A-23187 doses enhance Ca  ++ influx more than do 
saturating doses of Con-A, which correlates with 
the  fact  that  A-23187  is  the  stronger glucose- 
transport stimulus. 
The  correlation extends also to  the  effects  of 
MIX. This agent alone (at 0.1  mM) had no per- 
ceptible effect on glucose transport or Ca  ++ influx. 
It antagonized the stimulatory effects of Con-A on 
both  glucose  transport  and  Ca  ++  influx, as  ex- 
pected if the latter mediates the former. The ef- 
fects  of  MIX  in  the  presence  of  A-23187  are 
somewhat  surprising but  present  no  paradoxes 
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mediates  glucose  transport  stimulation  by  the 
ionophore. We have no explanation for MIX's en- 
hancement of Ca  ++ influx in the presence of A- 
23187.  However, given this observation, the fail- 
ure of MIX to antagonize A-23187 stimulation of 
glucose transport is obviously compatible with the 
view that  Ca  ++  influx mediates the  stimulation. 
Failure of MIX to enhance glucose transport stim- 
ulation by near saturating A-23187 doses is also 
compatible with a  mediating role of Ca  ++, since 
the presumed Ca++-responsive process should be 
already saturated.  Conceivably the enhancement 
by  MIX  of glucose-transport stimulation by the 
half-maximal A-23187 dose is related to enhance- 
ment of the ionophore-mediated Ca  ++ flux. 
The failure of Con-A binding to stimulate glu- 
cose transport in the presence of nearly saturating 
doses of A-23187  indicates either that A-23187 
alone can saturate some step in the Con-A-respon- 
sive system  (the  classical interpretation that  the 
two stimuli have a  common final mechanism) or 
that  A-23187  blocks an event in the  Con-A-re- 
sponsive  system  regardless of relations between 
the  two  stimulatory  mechanisms.  The  result  is 
certainly compatible with  the  suggested  role  of 
Ca  ++ as mediator of both responses. Additivity or 
synergism would have been difficult to reconcile 
with such a role; for, if additional ionophore could 
not increase the response, additional Ca  ++ influx 
by Con-A would not be expected to do so. Thus, 
the  additivity experiment might  have  given evi- 
dence against a role of Ca ++ but did not. 
In general, then, the evidence favoring a role of 
Ca  ++ in Con-A stimulation of glucose transport is 
very much like that favoring a role of Ca  ++ in the 
mitogenic  response  to  Con-A.  Participation  of 
Ca ++ in glucose-transport regulation has been sug- 
gested by others (4). 
In the context of this work, MIX (at 0.1  mM) 
antagonized only Con-A action. It did not inter- 
fere with basal glucose transport, basal Ca  ++ in- 
flux, or these  processes stimulated by A-23187. 
Since  Con-A did not enhance  the cAMP-raising 
action of MIX, we suppose that Con-A's stimula- 
tory mechanism involves a step(s) which is pecu- 
liarly sensitive to  antagonism  by MIX  or  cyclic 
nucleotide.  The  sensitive  step(s)  appears  to  be 
subsequent  to  Con-A  binding  but  early  in  the 
sequence of events leading from Con-A binding to 
glucose-transport stimulation. If, as argued above, 
Ca  ++ influx is in the sequence, the MIX-sensitive 
step is between Con-A binding and Ca  ++ influx, 
since  MIX  antagonized  Con-A  stimulation  of 
Ca ++ influx. Also, if, as suggested above, the final 
events of Con-A stimulation and A-23187 stimu- 
lation are the same, then failure of MIX to antago- 
nize A-23187 stimulation tends to place the MIX- 
sensitive step(s) of Con-A stimulation before the 
steps (probably beginning with Ca  ++ influx) which 
are common to the two stimulatory sequences. 
The action of MIX, a cyclic nucleotide phospho- 
diesterase  inhibitor,  on  the  sensitive  step(s)  of 
Con-A stimulation might be direct, mediated by 
cAMP, mediated by cGMP, or mediated by some 
other signal. At present, cAMP mediation appears 
likely.  The  effective  MIX  doses  did  increase 
cAMP.  Moreover,  PGE2,  an  adenylate  cyclase 
stimulant (1),  also increased cAMP and antago- 
nized Con-A stimulation of glucose transport. In- 
asmuch as PGE2 and MIX differ greatly in chemi- 
cal and  physical properties and  in their primary 
sites of action, it is likely that their common prop- 
erty  of  raising  cAMP  levels  accounts  for  their 
antagonism  of Con-A  stimulation.  This  view  is 
strengthened  by  the  actions  of dibutyryl-cAMP 
and  8-bromo-cAMP,  both  of  which  antagonize 
Con-A stimulation of glucose transport but do not 
inhibit basal glucose transport. 
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